Results and discussion
We generated heterozygous (Cx40 +/-) mice in which one copy of the Cx40 gene was deleted using a replacement targeting vector (Figure 1a ). Cx40 +/-mice were interbred and the resulting litters were genotyped to assess the viability of homozygous mutant (Cx40 -/-) mice (Figure 1b) . Surprisingly, the ratio of Cx40 +/+ :Cx40 +/-:Cx40 -/-genotypes (1:2:0.9; n = 180) was close to Mendelian, indicating little or no reduction in viability due to loss of Cx40. Immunohistochemistry was performed on frozen sections of heart from Cx40 -/-mice to confirm the loss of the connexin. Anti-Cx40 antibodies [5] labeled Purkinje fiber junctions in the wild-type His bundle (Figure 2b ), but did not label these fibers in Cx40 -/-mice ( Figure 2d) ; adjacent sections were stained for acetylcholinesterase (AChE) activity to unambiguously identify elements of the conduction system (Figure 2a ,c) [6] .
To assess cardiac conduction, changes in electrical potential originating in the heart were recorded using three-lead electrocardiography. Placement of three surface electrodes (leads) is conventional and allows data to be collected in different spatial dimensions. Representative examples of electrocardiograms (ECGs) from wild-type and Cx40 -/-mice are shown in Figure 3a ; the first deflection (P wave)
Figure 1
Targeting strategy for inactivation of the Cx40 gene and Southern blot analysis of generated mice. (a) The Cx40 coding region (gray box) is contained within a single exon [17] and was entirely deleted by our strategy. Homology regions are delimited by dashed lines. XbaI digestion of DNA from homologous recombinants yields a diagnostic 10 kb fragment that hybridizes with both probes 1 and 2, whereas wild-type DNA yields a 5.6 kb fragment that hybridizes with only probe 1. HindIII (H), KpnI (K), XbaI (X) and Not I (N) restriction enzyme sites are shown as are the phosphoglycerate kinase promoter-neomycin (pgk-neo) and pgk-thymidine kinase (pgk-TK) cassettes in the targeting vector. (b) Homologously recombined embryonic stem cell clone DNA (lanes 1 and 5) and tail DNA from the generated mice (lanes 2-4 and 6-8) were digested with XbaI and analyzed by Southern blotting using probes 1 and 2. The pattern of hybridization confirmed that correct targeting had occurred in the embryonic stem cell clone and that germ-line transmission was achieved. results from atrial depolarization, the second series of positive and negative deflections (QRS complex) results from ventricular depolarization and the last deflection (T wave) is due to ventricular repolarization. Heart rates in the Cx40 -/-and wild-type mice were similar (Table 1) and showed normal sinus rhythms -each P wave was followed at a consistent interval by a QRS complex (data not shown). Thus, ventricular depolarization in Cx40 -/-mice was still triggered by impulses originating in the atrium suggesting that there was at least some conduction through the His-Purkinje system. Further analysis, however, revealed dramatic changes in atrioventricular and intraventricular conduction.
First, atrioventricular conduction was slower in Cx40 -/-mice than in wild-type mice. The interval between the start of atrial and ventricular depolarizations (PR interval) was, on average, 21% longer in Cx40 -/-mice than in wildtype mice ( Table 1 ). The PR interval reflects the time required for excitation to traverse atrium, AV node and His bundle. AV node conduction is typically slow and accounts for most of the interval [1] . As there is no Cx40 in the AV node [7] , it seems reasonable to propose that AV node conduction is unaffected in Cx40 -/-animals, in which case the actual difference in His-Purkinje conduction times is much greater than the 21% difference in PR intervals. Intraventricular conduction was also substantially delayed in Cx40 -/-mice. QRS complexes from Cx40 -/-animals were, on average, 34% longer than in wild-type animals ( Table 1 ). The delay was not likely to be due to abnormal propagation through the working myocardium, as Cx40 is not expressed there [7] , but was more probably the result of slow conduction through Purkinje fibers, which could result in altered activation of the ventricles. Elimination of only one copy of the Cx40 gene had no effect on conduction (Table 1 ).
In addition to having slow atrioventricular and intraventricular conduction, Cx40 -/-mice displayed altered temporal and/or spatial activation of the ventricles. QRS complexes of Cx40 -/-mice were frequently split, usually in lead II, while lead III QRS complexes often exhibited rSR′ morphology -in which there is a second, larger R wave following the S wave (Figure 3a) . Lead I QRS complexes typically were not split but often showed wide S waves (Figure 3a) . The expressivity of this phenotype was high, as 90% of homozygotes displayed either a split QRS complex in lead II or rSR′ morphology in lead III compared with 13% of wild-type and 20% of Cx40 +/-animals.
Another measure of altered spatial activation is the mean frontal plane axis, which was significantly deviated in Cx40 -/-mice (Figure 3b ). The mean frontal plane axis, an approximation of the net direction of electrical activity in the ventricles, was measured by vectorially summing the QRS amplitudes in the limb leads. Wild-type mice had frontal plane axes that ranged from -80°to +90°, whereas Cx40 -/-mice had a much wider range (-130°to +180°; Figure 3b ). Axis deviation can be caused by abnormal orientation of the heart or structural changes in the ventricular walls as well as by conduction system pathology. We found no histological evidence of ventricular hypertrophy or dilation, however, and no sign of abnormal cardiac orientation (data not shown). Together, our findings indicate that conduction through the HisPurkinje system is partially blocked in Cx40 -/-mice, leading to uncoordinated ventricular excitation and spatially altered propagation of electrical activity through the working myocardium.
Cx40 is also expressed by atrial myocytes and may have a role in propagating electrical activity through atrial myocardium [8] . Consistent with this idea, Cx40 -/-P waves were, on average, about 9% longer than wildtype P waves (Table 1) . Although atrial conduction was slowed, however, the effect was far less than that observed in the His-Purkinje system. The presence of additional connexins (Cx43 and Cx45) in atrial myocytes [9] [10] [11] could explain this comparatively small effect.
The absence of a complete conduction block in the His-Purkinje system of mice lacking Cx40 might be explained by a compensatory expression of alternative connexins in this region. Cx43 was a possible candidate as it is expressed in the His bundle of other species. Cx43, however, was undetectable by immunohistochemical examination of wild-type and Cx40 -/-His bundles (Figure 4) . Similar studies using antibodies against Cx26, Cx32, Cx37, Cx45, Cx46, and Cx50 have not revealed the presence of another connexin (data not shown). Although the AV node-His bundle pathway is the normal route for impulse propagation, it is possible that hearts from Cx40 -/-mice have an accessory pathway for conduction that does not depend on Cx40. As we observe longer than normal PR intervals in Cx40 -/-mice, Brief Communication 297 Table 1 Electrocardiogram interval data.
Interval
Wild type Cx40 +/-Cx40 -/-(msec) (n = 31) (n = 29) (n = 36) P 12.3 ± 0.3 12.2 ± 0.5 13.4 ± 0.4* PR 34.1 ± 0.8 35.1 ± 0.9 41.2 ± 0.9* QRS 11.6 ± 0.4 12.2 ± 0.5 15.5 ± 0.3* QT 22.6 ± 0.6 22.9 ± 0.6 25.4 ± 0.5* Heart rate (bpm) 502 ± 10 498 ± 10 486 ± 11
The mean (± SEM) heart rates and durations of the intervals defined in Figure 3a are shown for the different mice. *Significantly different from wild-type mean as determined by unpaired student's t-test with a criterion of p < 0.05. The p values were 0.035, 9 × 10 -8 , 5 × 10 -14 , 0.0005 and 0.27 for the P, PR, QRS and QT intervals and heart rate, respectively, of Cx40 -/-mice. The p values were 0.86, 0.36, 0.23, 0.88 and 0.73 for the P, PR, QRS and QT intervals and heart rate, respectively, of Cx40 +/-mice. potential accessory pathways would probably consist of slowly conducting tissue.
In humans, ECGs similar to those of Cx40 -/-mice would be characteristic of first-degree atrioventricular block with associated bundle branch block [12] . First-degree atrioventricular block is defined by prolonged PR intervals with normal sinus rhythm. Bundle branch block is associated with broad, split or notched QRS complexes and frontal plane axis deviation. These blocks may indicate organic conduction system disease, either of idiopathic origin or associated with other cardiac conditions such as ischemia or cardiomyopathy [1] . As we have not observed structural changes in the myocardium of Cx40 -/-mice, abnormal conduction is probably due to intrinsic properties of the Purkinje fibers rather than a secondary consequence of other cardiac disease. More rarely, conduction defects in humans may be congenital in origin. In this regard, Cx40 has been suggested as a candidate for mutations that result in an inherited conduction system defect and dilated cardiomyopathy [13] .
Materials and methods

Immunohistochemistry and histology
Immunohistochemistry with anti-Cx40 [5] or anti-Cx43 [14] antibodies was performed as described previously [15] except that tissue was unfixed. To identify the conduction system tissue, adjacent sections were stained for AChE activity [6] and counterstained with hematoxylin.
Gene targeting and animal breeding
A rat Cx40 cDNA [16] was used to isolate genomic clones from a 129/Sv mouse genomic library. A replacement targeting vector containing a pgk-neo cassette was designed to delete the entire coding region in embryonic stem cells (Figure 1 ). The genomic structure of homologous recombinants was confirmed by Southern blotting using a 5′ probe (probe 1) and a probe within the neomycin gene (probe 2). Two independently obtained targeted clones were used to generate chimeric mice and the resulting lines exhibited the same phenotype. Cardiac conduction abnormalities were observed in both mixed strain (C57BL/6-129/Sv) and pure 129/Sv strain background.
Electrocardiography
Animals were lightly anesthetized by intraperitoneal injection of sodium pentobarbital (~70 mg/kg). Three-lead ECGs were measured using surface electrodes attached to the limbs. Data were amplified with a Gould 4600 Biotach ECG amplifier and recorded digitally (2.5 kHz sampling) using the Axotape program (Axon Instruments). ECG intervals were derived from both lead I and lead II data. For the PR interval, the shorter measurement was used. For P, QRS, and QT duration, the longer measurement was used.
